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ABSTRACT: 38 
 39 
A site in Oak Ridge, Tennessee, USA, has sediments that contain >3% iron oxides and is 40 
contaminated with uranium (U). The U(VI) was bioreduced to U(IV) and immobilized in situ 41 
through intermittent injections of ethanol. Then it was allowed to reoxidize via the invasion of 42 
low-pH (3.6–4.0), high-nitrate (up to 200 mM) groundwater back into the reduced zone for 1,383 43 
days. To examine the biogeochemical response, high-throughput sequencing and network analysis 44 
were applied to characterize bacterial population shifts, as well as co-occurrence and co-exclusion 45 
patterns among microbial communities. Paired t-test indicated no significant changes of α-diversity 46 
for the bioactive wells. However, both nonmetric multidimensional scaling and analysis of 47 
similarity confirmed a significant distinction in the overall composition of the bacterial 48 
communities between the bioreduced and the reoxidized sediments. The top 20 major genera 49 
accounted for >70% of the cumulative contribution to the dissimilarity in the bacterial communities 50 
before and after the groundwater invasion. Castellaniella had the largest dissimilarity contribution 51 
(17.7%). For the bioactive wells, the abundance of the U(VI)-reducing genera Geothrix, 52 
Desulfovibrio, Ferribacterium, and Geobacter decreased significantly, whereas the denitrifying 53 
Acidovorax abundance increased significantly after groundwater invasion. Additionally, seven 54 
genera, i.e., Castellaniella, Ignavibacterium, Simplicispira, Rhizomicrobium, Acidobacteria Gp1, 55 
Acidobacteria Gp14 and Acidobacteria Gp23 were significant indicators of bioactive wells under 56 
3 
 
reoxidation stage. Canonical correspondence analysis indicated that nitrate, manganese and pH 57 
affected mostly the U(VI)-reducing genera and indicator genera. Co-occurrence patterns among 58 
microbial taxa suggested the presence of taxa sharing similar ecological niches or 59 
mutualism/commensalism/synergism interactions. 60 
 61 
IMPORTANCE: 62 
 63 
High-throughput sequencing technology in combination with a network analysis approach were 64 
used to investigate the stabilization of uranium and the corresponding dynamics of bacterial 65 
communities at field conditions with regard to the heterogeneity and complexity of the subsurface 66 
over the long term. The study also examined diversity and microbial community composition shift, 67 
the common genera and indicator genera before and after long-term contaminated groundwater 68 
invasion, and the relationship between the target functional community structure and environmental 69 
factors. Additionally, deciphering co-occurrence and co-exclusion patterns among microbial taxa 70 
and environmental parameters could help predict potential biotic interactions 71 
(cooperation/competition), shared physiologies, or habitat affinities, thus, improving our 72 
understanding of ecological niches occupied by certain specific species. The above findings offer 73 
new insights into compositions of and associations among bacterial communities and serve as a 74 
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foundation for future bioreduction implementation and monitoring efforts applied to 75 
uranium-contaminated sites. 76 
 77 
INTRODUCTION 78 
 79 
Area 3 at the U.S. Department of Energy’s (DOE’s) Oak Ridge Field Research Center (ORFRC) in 80 
Oak Ridge, Tennessee, is one of the most-studied sites for in situ uranium bioremediation and 81 
immobilization (1-6). The sediments in this area were highly contaminated with uranium (200–82 
1,000 mg/kg) (7). During in situ field studies, a hydraulic control system combined with 83 
intermittent ethanol injection successfully achieved the reduction of the U(VI) concentration in 84 
groundwater from 5 μΜ to levels below the U.S. Environmental Protection Agency’s maximum 85 
allowable contaminant level for drinking water (0.126 μM) over a 2-year period (3,6). The 86 
bioreduction tests in Area 3 at ORFRC were terminated on December 19, 2008. After that, the 87 
hydraulic control system was discontinued, and a natural influx of outside contaminated 88 
groundwater with high nitrate concentrations (>200 mM) and low pH (3.6–4.0) invaded the 89 
previously bioreduced zone (8).  90 
A proper bacterial community structure has been suggested as one of the key issues for the 91 
long-term stabilization of uranium by in situ bioreduction (9). In the previous investigation under 92 
bioreduction conditions, bacterial surveys of sediments and groundwater detected genera belonging 93 
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to U(VI)-reducing members, such as Desulfovibrio, Geobacter, Desulfosporosinus, 94 
Anaeromyxobacter and Acidovorax (3-4,10). Ethanol, nitrate, sulfide, and uranium were correlated 95 
with specific bacterial populations, and that the engineering control of dissolved oxygen and 96 
delivered electron donor sources were significant in explaining the bacterial community variability 97 
at Area 3 (4). As a result of the termination of ethanol injection and the invasion of outside 98 
groundwater, different niches with gradients of nitrate and pH were created during this period. 99 
Therefore, we expected that the bacterial community would shift greatly compared with the 100 
community found in the area during the bioremediation period. During short-term reoxidation tests, 101 
bacterial community structure and nitrate played an important role in U(IV) oxidation (1,11). In 102 
column experiments with sediment samples from a former uranium processing site at Old Rifle, 103 
Colorado, nitrate addition stimulated U(IV) reoxidation and remobilization in previously 104 
bioreduced sediments (12,13). These previous short-term studies provided somewhat valuable 105 
information about the stabilization of uranium and the corresponding dynamics of bacterial 106 
communities. Nevertheless, they did not reconstruct field conditions with regard to the 107 
heterogeneity and complexity of the subsurface over the long term. Moreover, the results obtained 108 
from short-term tests lasting for dozens of days could not reflect the actual situation in the long term. 109 
In addition, currently little is known about the effect of groundwater invasion on bacterial 110 
community diversity/composition, which plays a crucial role in U(IV) reoxidation/sequestration 111 
after a long-term groundwater intrusion. 112 
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 113 
Most previous studies describing and comparing the structure of microbial communities mainly 114 
focused on the total numbers of taxa or unique lineages found in individual samples (i.e., 115 
α-diversity), the relative abundances of individual taxa or lineages, and the extent of phylogenetic 116 
or taxonomic overlap among communities or community categories (i.e., β-diversity) (14). In 117 
contrast, far less attention has been focused on using a network analysis approach to explore the 118 
direct or indirect interactions among microbial taxa coexisting/co-excluding in environmental 119 
samples (14-16). Network analysis of taxon co-occurrence or co-exclusion patterns could offer new 120 
insights into the structures of complex microbial communities, which could complement and 121 
expand on the information provided by the more standard suites of analytical approaches. In this 122 
study, we used high-throughput sequencing technology in combination with a network analysis 123 
approach to characterize the bacterial community structure and co-occurrence/co-exclusion patterns 124 
among genera at Area 3 of the ORFRC site during the bioreduction and reoxidation stages. The 125 
questions we wished to address are summarized as follows: 126 
(1) Do the diversity and microbial community composition shift significantly after contaminated 127 
groundwater invasion? 128 
(2) Which genera are common and which genera could act as the indicator genera before and after 129 
long-term groundwater invasion? 130 
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(3) What is the relationship between the target functional community structure and environmental 131 
factors? 132 
(4) How can the co-occurrence and co-exclusion patterns among microbial taxa and environmental 133 
parameters be deciphered? 134 
 135 
MATERIALS AND METHODS 136 
Site description and sampling 137 
Groundwater and sediment samples were retrieved from Area 3 of the DOE ORFRC on October 5, 138 
2005 (after 775 days of bioremediation, named “bioreduction stage” ) and October 3, 2012 (after 139 
1,383 days of exposure to the invasion of contaminated groundwater, named “reoxidation stage”). 140 
During the bioreduction stage, a hydraulic controlled system was built to inject ethanol 141 
intermittently into the subsurface as an electron donor and to control groundwater flow as well (3). 142 
An outer groundwater recirculation loop (extraction at well FW103, injection at well FW024) kept 143 
an inner loop (extraction at well FW026, injection at well FW104) from infiltration by highly 144 
contaminated groundwater from outside (Figure S1). The downgradient well of FW105, was used to 145 
monitor the impact of the treatment on the geochemistry of groundwater that transferred to the 146 
downgradient (17,18). Multilevel sampling (MLS) wells FW100, FW101, and FW102 were utilized 147 
to monitor hydrogeology and remediation performance along seven different depths. Injection and 148 
extraction wells were 14.6 m belowground, and screens were placed between 11.28 and 13.77 m. 149 
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Samples were collected from MLS wells at 15.24, 13.7, 12.19, and 10.67 m belowground for levels 150 
-1, -2, -3, and -4, respectively (3). Judged by the tracer recovery, FW026, FW104, FW101-2, 151 
FW101-3, FW102-2 and FW102-3 were considered to be bioactive wells where the U(VI) 152 
bioreduction predominantly occurred. During the reoxidation stage, the hydraulic control system 153 
was discontinued, and a natural influx of contaminated groundwater invaded the bioremediation 154 
sites. The sampling procedure was described in our previous studies (3,19). Briefly, sediments were 155 
collected from each well using a polyvinyl chloride surge block to draw the sediments surrounding 156 
the well screen into the well, and were then pumped into glass bottles under a nitrogen gas phase. 157 
The sediments were later separated from the slurry by centrifugation and stored at −80°C until DNA 158 
extraction. 159 
 160 
Analytical methods 161 
Analytical methods were the same to those described previously (1, 3). Anions including nitrate and 162 
sulfate were determined using an ion chromatograph (Dionex DX-120, Sunnyvale, CA, USA). 163 
Metals were analyzed by inductively coupled plasma mass spectrometry (Perkin-Elmer ELAN 6100 164 
spectrometer). N2O was detected by an SRI model 8610-0072 gas chromatograph with a TCD 165 
detector (1). Ammonium and ammonia concentrations were determined by Activation Laboratories, 166 
Ltd, Ontario, Canada. 167 
 168 
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DNA extraction, PCR amplification, and 454 pyrosequencing 169 
 170 
The DNA extraction was conducted using the FastDNA
®
 SPIN Kit for Soil (MoBio Inc., CA, USA) 171 
and the DNA concentrations, as well as purity, were detected using the NanoDrop
®
 ND-1000 172 
(NanoDrop Technologies, Wilmington, DE). DNA was amplified with the forward primer 338F 173 
(5’-ACTCCTACGGGAGGCAGCAG-3’) and with the reverse primer 802R 174 
(5’-TACNVGGGTATCTAATCC-3’) targeting the V3–V4 regions (~465 nucleotides) of the 16S 175 
rRNA genes (20). Each polymerase chain reaction (PCR) was conducted in a 50 μl reaction system 176 
using a MightyAmp polymerase (TaKaRa, Otsu, Japan) and an i-Cycler (BioRad, Hercules, CA, 177 
USA) under the following PCR conditions: initial denaturation at 94°C for 5 min; 30 cycles at 94°C 178 
for 50 s, 50°C for 45 s, and 72°C for 90 s; and a final extension at 72°C for 5 min. The PCR 179 
products were purified and quantified using the NanoDrop
®
 ND-1000 and then mixed in equal 180 
amounts for the subsequent pyrosequencing on a Roche 454 FLX Titanium platform (454 Life 181 
Sciences, Roche) at the Genome Research Centre of The University of Hong Kong, Hong Kong. 182 
 183 
Sequence processing 184 
 185 
The raw sequencing data from 454 pyrosequencing were processed using the QIIME pipeline v1.7.0 186 
(21). Briefly, the raw sequences were first parsed into different samples with barcode primers 187 
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removed, denoised by Denoiser (22), and chimera-checked using ChimeraSlayer (23) to yield 188 
error-free reads. Then the normalization of the effective sequences was conducted by randomly 189 
extracting 5,364 clean sequences from each sample dataset (except for one sample titled 190 
FW100-2-R, which had effective sequences of 1,970) to fairly compare all samples at the same 191 
sequencing depth (Table S1). The normalized sequences from all samples were clustered into 192 
operational taxonomic units (OTUs) using the Uclust algorithm (closed-reference OTU picking 193 
protocol) at identity thresholds of 0.97 (24), which approximately corresponds to the taxonomic 194 
level of species for bacteria. Taxonomic classification of the effective sequences of each sample was 195 
carried out individually, using the RDP classifier (25) with an 80% confidence level. Among these 196 
30 datasets, 14 datasets of the samples collected from the bioreduction stage were used in our 197 
previous study investigating the significant association between sulfate-reducing bacteria and 198 
uranium-reducing bacterial communities (3). 199 
 200 
Statistical and network analysis 201 
 202 
The α-diversity analysis including richness (OTUs, Chao 1, and ACE) and diversity index (Shannon 203 
index) at a cutoff level of 3% was conducted using QIIME. Buzas and Gibson’s evenness was 204 
calculated using PAST software (version 2.14 for Windows) on the basis of the OTU table 205 
generated by QIIME (26). Distances between bacterial communities (at 3% cutoff-OTU level) in 206 
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different samples were calculated using the weighted UniFrac and unweighted UniFrac 207 
beta-diversity metric via QIIME. Nonmetric multidimensional scaling (NMDS) was used to 208 
visualize the bacterial community differences at both the 3% cutoff-OTU level and genus level 209 
obtained from the RDP taxonomic results. Cluster analysis of bacterial profiles in the bioactive 210 
wells under the bioreduction and reoxidation stages was also conducted based on the Bray-Curtis 211 
distance calculated from the matrix of genus relative abundance using PAST software. Additionally, 212 
canonical correspondence analysis (CCA), analysis of similarity (ANOSIM), and similarity of 213 
percentages analysis (SIMPER) were performed using PAST software. To identify the specific 214 
genera that characterize each of the environments, we used Indicator Species Analysis run in R 215 
(version 2.14.0) (27), using the package labdsv (http://ecology.msu.montana.edu/labdsv/R) and test 216 
indval (28). Network analyses were conducted in the R environment using the VEGAN (29), igraph 217 
(30), and Hmisc packages (31). Network visualisation was carried out on the interactive platform of 218 
Gephi (32). The detailed analysis procedure is summarized in S1 (Supplementary Material). 219 
 220 
Accession numbers 221 
 222 
All the 454 pyrosequencing sequences were deposited in the NCBI Sequence Read Archive under 223 
accession number PRJNA338649. 224 
 225 
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RESULTS AND DISCUSSION 226 
 227 
Changes in geochemistry after reoxidation 228 
 229 
After long-term invasion of contaminated groundwater for 1,383 days (3.78 years), the 230 
geochemistry in all wells had changed significantly, especially with regard to decline in pH, 231 
increase in oxidation / reduction potential (ORP) from near -200 mV or lower (under conditions in 232 
the presence of sulfide) to the 200-300 mV range, increase in anions (nitrate, sulfate and chloride), 233 
and metals (U, Al, Ca, Mg, Mn, etc) concentrations (Table 1). Sulfite disappeared in the test area. 234 
Sediment samples collected from bioactive monitoring wells changed from dark or greenish in color 235 
to yellow, indicating they underwent oxidation. The rapid decrease in pH from above 5.5 to 4.2 or 236 
lower was observed in wells located near the boundary of the biotreatment zone, such as FW100-2 237 
and 100-3. The pH in all wells located in the previous bioactive zone (wells FW101-2 and FW101-3) 238 
declined to below 5.0 with the increase in nitrate concentrations from near zero to significantly high 239 
levels (60 to 100 mM). However, the pH in the previous bioactive wells FW102-2 and FW102-3 240 
declined slightly with a significant increase of nitrate (58.7 and 27.0 mM). Low levels of 241 
ammonium (but no ammonia) were determined in all previous active wells at 0.083-0.194 mM. 242 
However, similar levels of ammonium were also determined in downgradient well FW105 (0.213 243 
mM) and another monitoring well FW106 (0.182 mM) which is separated from the previous test 244 
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zone. After the long-term invasion, the aqueous U concentrations increased in all wells. The U 245 
content in the sediment samples from the previously bioreduced zone (FW101-2, FW101-3, 246 
FW102-2 and FW102-3) remained high or even higher than before, suggesting strong uranium 247 
sequestration (Table 1). Mn concentrations were increased significantly in all wells. Other 248 
non-bioreduction/oxidation related cations (Mg, Ca and Al) and chloride also increased, likely due 249 
to invasion of around contaminated groundwater. The DO concentrations in all wells remained low 250 
(<0.3 mg/L, Table 1), since the groundwater in Oak Ridge Field Research Center Areas 2 and 3 251 
contains low DO (33). The significant increase in ORP (Table 1) in all monitoring wells was likely 252 
due to the groundwater had more new species (especially nitrate) to gain electrons.  253 
 254 
Overall bacterial community shift before and after long-term groundwater invasion 255 
 256 
Analyses for α-diversity (OTUs, Chao 1 and ACE), evenness (Buzas and Gibson’s evenness), and 257 
diversity index (Shannon index) were conducted at the same sequencing depth of 5,364 sequences 258 
excluding one sample having 1,970 effective sequences (Table S1). To investigate the effect of the 259 
long-term (1383 days) groundwater invasion on α-diversity, FW101-2, FW101-3, FW102-2, 260 
FW102-3, FW104, and FW026, the bioactive wells with high bioactivity where U(VI) reduction 261 
occurred during the in situ uranium bioremediation process (3), were selected for a comparison of 262 
richness, evenness, and diversity index between the bioreduction stage (data published on reference 263 
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5) and reoxidation stage (data in the present study), i.e., 484–982 vs. 418–848 (OTUs), 876–1978 264 
vs.735–1840 (Chao 1), 918–1974 vs. 781–2022 (ACE), 0.77–2.96 vs. 0.27–2.03 (evenness), and 265 
5.98–7.98 vs. 4.78–7.53 (Shannon index), respectively. Paired t-tests indicated that there was no 266 
significant difference (P-value = 0.14–0.47) in α-diversity before and after the long-term invasion of 267 
groundwater for these bioactive wells. 268 
 269 
As we hypothesized previously, significant differences in the bacterial community compositions 270 
were observed before and after the groundwater invasion due to the impacts of changes in 271 
geochemical conditions. Thirty samples formed two distinct clusters, in accordance with the 272 
bioreduction and reoxidation stages, on the NMDS plot of the bacterial community compositions (at 273 
the genus level) of all the selected wells (Figure 1). Using OTU abundance, a similar clustering 274 
pattern was confirmed by both weighted and unweighted UniFrac (Figure S2), revealing that the 275 
clusters were influenced mainly by the bioreduction and reoxidation stages. ANOSIM was 276 
conducted to further test whether significant differences in community composition occurred after 277 
the long-term invasion of groundwater. Results suggest that there is a significant distinction in the 278 
overall composition of the microbial communities between the bioreduction and reoxidation stages 279 
(RANOSIM=0.59, P=0.0001). In addition, the coordinate position shift of each specific sample in 280 
Figure S3 reflects the obvious variation of microbial community after the long-term invasion of 281 
groundwater. All the above results explicitly confirmed our hypothesis. 282 
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 283 
Figure 1 284 
 285 
SIMPER was used to determine the relative contribution of individual genus to the dissimilarity 286 
between the two clusters. The average Bray–Curtis dissimilarity and the contribution of each genus 287 
to the total dissimilarity between communities before and after groundwater invasion were 288 
calculated, and the top 20 major genera largely responsible for the microbial community shift (>70% 289 
contribution to cumulative dissimilarity) are summarized in Table 2. Among them, Castellaniella 290 
had the largest dissimilarity contribution (17.7%), followed by Rhodanobacter (10.9%), 291 
Desulfosporosinus (5.81%), Sulfuricurvum (5.34%), Clostridium-sensu-stricto (3.45%), 292 
Mycobacterium (3.45%), Simplicispira (3.23%), and Desulfovibrio (3.12%). 293 
 294 
Moreover, analysis of the bioactive wells (FW101-2, FW 101-3, FW 102-2, FW 102-3, FW 104 and 295 
FW 026) found that they were much similar to one another at the bioreduction stage than at the 296 
reoxidation stage (Figure 1 and Figure S2). The closer grouping pattern at the bioreduction stage 297 
revealed the similar bacterial community compositions in these wells due to the strong 298 
environmental stresses applied during bioremediation, whereas the divergence in distribution at the 299 
reoxidation stage suggested the long-term invasion of groundwater led to the obvious dissimilarity.  300 
 301 
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Figure 2 302 
 303 
Figure 2(a) illustrates the abundance of different phyla in all samples at both the bioreduction and 304 
reoxidation stages. Proteobacteria was the most abundant phylum in almost all samples except for 305 
FW100-2-R, FW026-R, FW104-O, and FW101-2-O. This finding is similar to the analytical results 306 
for bacterial communities in acid mine drainage (34), unconfined aquifer (35), sediment (36), and 307 
soil (37) in which Proteobacteria was also the most dominant community. The abundances of 308 
Proteobacteria at the bioreduction and reoxidation stages, respectively, ranged from 17.9% to 70.4% 309 
(average abundance of 38.6%) and 20.5% to 89.7% (average abundance of 58.0%). In addition, 310 
paired t-test indicated that Proteobacteria abundance was significantly higher (P-value = 0.008) at 311 
the reoxidation stage. The other dominant phyla in bioactive wells at the bioreduction stage 312 
(FW101-2-R, FW101-3-R, FW102-2-R, FW102-3-R, FW104-R, and FW026-R) were 313 
Acidobacteria (10.6–33.2%), Firmicutes (5.1–15.7%), Chlamydiae (4.8–17.1%) and Actinobactera 314 
(2.3–8.3%); while Acidobacteria (4.3–60.6%), Bacteroidetes (1.0–18.0%) and Firmicutes (0.8–315 
46.4%) were the abundant phyla apart from Proteobacteria in bioactive wells at reoxidation stage 316 
(FW101-2-O, FW101-3-O, FW102-2-O, FW102-3-O, FW104-O and FW026-O). Many members of 317 
Acidobacteria are known to prefer to acidic conditions. This might be the potential reason why 318 
Acidobacteria is predominant in bioactive wells at reoxidation stage with low pH groundwater 319 
invasion. It is interesting that in the sample of FW101-2-O, Firmicutes was the most dominant 320 
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phylum, accounting for as much as 46.5% of the population, much more than in the counterpart 321 
FW101-2-R (14.7%). Not only the abundance but also the composition of Firmicutes altered 322 
drastically after the long-term groundwater invasion (Figure 2(b) and Figure S5). The detailed 323 
discussion of the bacterial community composition is summarized in S2 (Supplementary Material). 324 
 325 
Common genera before and after long-term groundwater invasion 326 
 327 
Figure 3 illustrates the abundance of the 77 major genera (>0.5% in at least one sample) belonging 328 
to 14 different phyla in the 30 sediment samples before and after long-term groundwater invasion. 329 
Major genera with occupancies >80% of all samples and average abundances >0.1% were defined 330 
as common genera in the present study. Among these 77 major genera, 36 genera belonging to 10 331 
different phyla were classified as common genera. The common genera, including Sphingomonas, 332 
Gp3, Geothrix, Gp1, Subdivision3_genera_incertae_sedis, Gemmatimonas, Gp16, Mycobacterium, 333 
Simplicispira, Clostridium-sensu-stricto, and Rhodanobacter were universal and occurred in all 30 334 
sediment samples with average abundances ranging from 0.51% (Sphingomonas) to 10.6% 335 
(Rhodanobacter). It is noteworthy that Gp1, Gp3 and Gp16 belong to the phylum of Acidobacteria 336 
while Subdivision3_genera_incertae_sedis belong to the phylum of Verrucomicrobia. 337 
 338 
Figure 3 339 
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 340 
According to previous studies (3-4,10,38), reduction of U(VI) was facilitated by a number of 341 
different genera, including Desulfovibrio, Geobacter, Anaeromyxobacter, Desulfosporosinus, 342 
Acidovorax, Geothrix, Ferribacterium, Clostridium, Desulfotomaculum, and Shewanella. 343 
Additionally, U (VI) reduction cannot be attributed to a single group, and is carried out by several 344 
different bacteria as well as abiotic reduction by Fe(II) compounds after bioreduced condition is 345 
established (39-40). Among these known U(VI)-reducing genera, eight genera (excluding  346 
Acidovorax and Ferribacterium) were common genera. In the bioactive wells, the abundance of 347 
Geothrix, Desulfovibrio, Ferribacterium and Geobacter decreased significantly after the long-term 348 
groundwater invasion, whereas the abundance of Acidovorax increased significantly (P-value 349 
<0.05). However, the abundances of Desulfosporosinus and Anaeromyxobacter remained abundant, 350 
averaging 3.15%–11.7% and 0.57%–0.78%, respectively. The abundances of Clostridium-III, 351 
Clostridium-sensu-stricto, Clostridium-XI, and Clostridium-XIVa also showed no significant 352 
variation. We examined whether the average abundances of these U(VI)-reducing genera varied 353 
significantly in samples from bioactive wells versus inactive wells. At the bioreduction stage, the 354 
average abundances of Geothrix, Desulfosporosinus, Anaeromyxobacter, Desulfovibrio, Geobacter, 355 
and Ferribacterium in bioactive wells were significantly higher (P-value < 0.05, Table S3) than 356 
those in inactive wells, whereas the abundances of Acidovorax and Clostridium remained 357 
unchanged in both bioactive and inactive wells. The metabolic functions of the former group were 358 
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clearly related to metal (Fe, U) and sulfate reduction, whereas the functions of the latter two 359 
organisms likely depended more on nitrate metabolism than on metal reduction. Nevertheless, at the 360 
reoxidation stage, only Desulfosporosinus was more abundant in bioactive wells, and all the other 361 
U(VI)-reducing genera abundances exhibited no significant difference between bioactive wells and 362 
inactive wells (Table S3). This result demonstrates that the significantly differential abundance of 363 
U(VI)-reducing bacterial communities established in samples from bioactive versus inactive wells 364 
during the bioremediation process abated greatly after the long-term groundwater invasion. 365 
 366 
Geothrix, an Fe(III)-reducing bacterial member of the Acidobacteia, has been widely detected in 367 
ORFRC sediment and groundwater with bioreduced U(VI) in previous studies (1,4,10,41-42). 368 
Although no direct evidence has shown that it reduced U(VI) to U(IV) in a pure culture (10,41,43), 369 
Geothrix was speculated to contribute to U(VI) reduction indirectly via its known ability to produce 370 
bioreduced humic acids or reduced iron compounds, which are capable of reducing U(VI) to U(IV) 371 
abiotically (39,40,44-45). A detailed functional discussion of other U(VI)-reducing genera, 372 
including Geobacter, Anaeromyxobacter, Acidovorax, Desulfovibrio, Desulfosporosinus, 373 
Ferribacterium, and Clostridium is summarized in S3 (Supplementary Material). It should be 374 
pointed out that the proposed functions of these genera are actually their potential functions 375 
obtained based on literatures review. We speculate that some bacterial strains belonging to the genus 376 
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might possess such functions although not all the strains belonging to the genus have the same 377 
function. 378 
 379 
Indicator genera for bioactive wells  380 
 381 
Microbial diversity, abundance, and composition change along environmental gradients. 382 
Understanding the nature of these changes might facilitate to identify a set of environmental 383 
conditions characteristic to specific groups of taxa. Finally, these relationships could be used to find 384 
microbial indicators that would represent specific environments and help predict microbial 385 
community responses to environmental conditions (46). During the long-term groundwater invasion, 386 
both the geochemical conditions and microbial communities of the bioactive wells changed greatly 387 
(Table 1, Figure 1 and Figure 3). We therefore expanded on the indicator species analysis at both the 388 
bioreduction and reoxidation stages to evaluate the relationship between these indicator species and 389 
the stability and mobility of the preciously reduced uranium.  390 
 391 
The bacterial profiles of the bioactive well samples collected at the reoxidation and bioreduction 392 
stages formed two distinct clusters, Cluster I and Cluster II, respectively (Figure S8). Indicator 393 
species approach was used on the resulting clustering topology to find groups representing specific 394 
groups of samples (28). Eleven genera were significant indicators of Cluster II (Table 3). Three of 395 
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these genera, i.e., Desulfovibrio, Ferribacterium and Geobacter belonged to known U(VI)-reducing 396 
genera. Desulfovibrio and Geobacter can also perform dissimilatory nitrate reduction to ammonia 397 
(47-49).These results were consistent with the findings in high-bioactivity wells reported by 398 
Cardenas et al. (3). Cluster I, with seven significant indicators (Castellaniella, Ignavibacterium, 399 
Simplicispira,  Rhizomicrobium, Acidobacteria Gp1, Acidobacteria Gp14 and Acidobacteria 400 
Gp23), did not contain indicator species from known metal or U(VI)-reducing genera (Table 3). 401 
Castellaniella was once characterized as the significant indicator species for inactive wells with low 402 
pH, heavy metals, and low bioactivity at the bioreduction stage. This finding was reasonable 403 
because the geochemical conditions in bioactive wells after the groundwater invasion were similar 404 
to those in inactive wells at the bioreduction stage. Castellaniella, a dominant denitrifier, was also 405 
previously found in the groundwater in bioremediation wells at Area 1 of the ORFRC, a location 406 
that was acidic and contaminated with uranium and nitrate (50). Castellaniella was isolated from 407 
that site under neutral (pH=7.5) and acidic (pH=4.5) culture conditions, indicating that it has an 408 
advantage over other denitrifiers under acidic conditions typical of the ORFRC sites. Besides Area 409 
1 and Area 3, Castellaniella has also been detected in microcosm enrichments from Area 2 of the 410 
ORFRC (51). 411 
 412 
Nevertheless, Rhodanobacter was not the indicator genus in the present study because its 413 
abundance was high with no significant difference in both the bioreduction stage (4.85±4.35%) 414 
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and the reoxidation stage (7.40±3.69%). Rhodanobacter was previously detected by 16S rRNA 415 
gene surveys (10) and by a metagenomic approach in groundwater from well FW106, an untreated 416 
control well 9.9 m southward from the treatment zone. This well had a pH of 3.6 and high levels of 417 
uranium (110–130 μM) and nitrate (38–54 mM) (52). Rhodanobacter was one of the 418 
microorganisms involved in acidic (pH=4.0) denitrification in soils (53). This is consistent with our 419 
study finding that a significant level of N2O (2.0×10
4
 – 4.4×104 ppmv) was detected in the 420 
groundwater of bioactive wells after reoxidation (pH=4.41–5.55). In addition, both Cluster I and II 421 
indicators included some poorly studied groups such as Ignavibacterium, Acidobacteria Gp1, 422 
Acidobacteria Gp6, Acidobacteria Gp14, and Acidobacteria Gp23. Moreover, an abundance vs 423 
occupancy plot (Figure S9) showed that some indicators, including Parachlamydia, Arthrobacter, 424 
Desulfovibrio, Acidobacteria Gp6, Sulfuricurvum, Geobacter, Mycobacterium, Castellaniella, 425 
Simplicispira and Acidobacteria Gp1 displayed common taxa qualities with high relative abundance 426 
and occurrence in a high number of samples outside their indicator environment. Conversely, 427 
Zoogloea, Acidobacteria Gp14 and Acidobacteria Gp23 were more specialized to their respective 428 
environments with low occupancy. 429 
 430 
CCA analysis-correlations between microbial communities and groundwater geochemistry 431 
 432 
The constrained multivariate analysis CCA were used to examine and visualize the relationship 433 
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between the target functional community structure (i.e., U(VI)-reducing genera and indicator genera) 434 
and environmental factors (i.e., pH, sulfate, nitrate, U(VI), Fe, etc.). Both the first and second axes 435 
were positively correlated with concentrations of DO, nitrate, Fe, Ca, Mg, Mn, U(VI), Cl
-
, and 436 
sulfate while the first axes negatively correlated with pH. As summarized in Table S4, Axis 1 was 437 
dominantly represented by pH (r=-0.564), Cl
-
 (r=0.591), Ca (r=0.627), Mg (r=0.676), Mn
 
( r=0.734) 438 
and nitrate (r=0.681); whereas Axis 2 was indicative of U(VI) (r=0.456), sulfate (r=0.428), and DO 439 
(r=0.348). Additionally, pH and nitrate were nearly aligned along the same line but in completely 440 
opposite directions (Figure 4). Among the U(VI)-reducing genera, Geobacter, Geothrix, 441 
Desulfovibrio, Desulfosporosinus, Ferribacterium, Anaeromyxobacter, Clostridium-III and 442 
Clostridium-XI were correlated positively with pH and negatively with higher concentrations of 443 
U(VI), Fe, DO, Mn, Mg, Ca, Cl
-
 sulfate and nitrate. Nevertheless, three other U(VI)-reducing 444 
genera including Clostridium-sensu-stricto, Acidovorax, and Clostridium-XIVa—were correlated 445 
negatively with pH and positively with U(VI), Fe, DO, Mn, Mg, Ca, Al, Cl
-
, sulfate, and nitrate. 446 
Ferribacterium, Desulfovibrio, Geobacter, Geothrix, Clostridium-XI, Acidovorax and 447 
Clostridium-XIVa were evenly distributed along the pH and nitrate lines. This phenomenon might 448 
imply that pH and nitrate were the predominant variables leading to the significantly different 449 
abundances of these U(VI)-reducing genera before and after the long-term groundwater invasion. 450 
However, because pH and nitrate have almost contrary effects on the abundances of U(VI)-reducers, 451 
it is not easy to distinguish whether these genera are more positively affected by one variable, or 452 
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negatively affected by the other, judging only by the CCA plots. Moreover, the negative correlation 453 
between Desulfovibrio and sulfate was meaningful in a biogeochemical context. That is, the 454 
increase in abundance of the sulfate-reducing bacteria Desulfovibrio corresponded with a decline in 455 
sulfate concentration (Table 1, Figure 3). Similarly, the negative correlation between 456 
Ferribacterium, Geobacter, and Geothrix and Fe also implies that the increase in abundance of 457 
these Fe(III) reducing-bacteria corresponded with a decline in Fe(III) concentration. 458 
Figure 4 459 
 460 
For the indicator genera at the bioreduction stage, all the indicator genera were correlated positively 461 
with pH and negatively with higher concentrations of U(VI), Fe, DO, Mn, Mg, Ca, Al, Cl
-
, sulfate, 462 
and nitrate (Figure 4). For the indicator genera at the reoxidation stage, Castellaniella, 463 
Ignavibacterium, Simplicispira, Rhizomicrobium, Acidobacteria GP14 and Acidobacteria GP23 464 
were positively correlated with U(VI), Fe, DO, Mn, Mg, Ca, Al, Cl
-
, sulfate, and nitrate, whereas 465 
Acidobacteria Gp1 were positively correlated with pH (Figure 4). This is congruent with Cardenas’s 466 
finding that Castellaniella characterized areas with low pH and high sulfate and nitrate 467 
concentrations, whereas Desulfovibrio, Anaeromyxobacter, and Desulfosporosinus were indicators 468 
of U(VI) bioreduction areas with neutral pH, and low sulfate and nitrate levels (3). Previous study 469 
verified that the abundance of Simplicispira increased greatly as a result of nitrate addition in 470 
anaerobic sewers (54). Although Ignavibacterium was poorly investigated, a new isolate named 471 
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P3M-2
T
 belonging to Ignavibacterium showed the ability to reduce diverse electron acceptors such 472 
as Fe(III) (55). Castellaniella, the dominant nirK-containing denitrifier, was also previously 473 
detected with relatively high abundance in groundwater and sediments of bioremediation wells at 474 
acidic conditions and contaminated with nitrate and uranium (3,50).  475 
 476 
Co-occurrence and co-exclusion patterns among microbial taxa and environmental 477 
parameters  478 
 479 
The co-occurrence (Figure 5) and co-exclusion (Figure S10) patterns among bacterial taxa and 480 
environmental parameters were explored using network analysis based on strong (ρ >0.6 or ρ <–0.6) 481 
and significant (P-value <0.01) correlations (56). Figure 5 consists of 58 nodes (53 microbial taxa 482 
and 5 environmental parameters) and 150 edges. Some topological properties commonly used in 483 
network analysis were calculated to describe the complex pattern of interrelationships among 484 
bacterial taxa and environmental variables (S4, Supplementary Material). Based on the modularity 485 
class, the entire network could be divided into seven major modules, which are clusters of nodes 486 
interacting more among themselves than with other nodes, compared to a random association. The 487 
two largest modules, I and II, were occupied by 33 of 58 total vertices. The most densely connected 488 
node in each module was defined as the “hub” in the following statements. The co-occurring 489 
bacterial taxa of the module hubs are summarized in Table S5. Figure S10 visualizes the 490 
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significantly negative correlations (79 edges) among 34 bacterial genera and 5 environmental 491 
parameters.  492 
 493 
Figure 5 494 
 495 
Environment–genera associations 496 
 497 
Correlations with environmental parameters revealed putative associations among the connected 498 
taxa and particular environmental measurements. This finding could also mirror and support the 499 
CCA results between microbial communities and groundwater geochemistry from another 500 
perspective. For instance, the positive correlations between nitrate and Simplicispira, as well as 501 
Castellaniella, were also observed via the CCA approach, perhaps indicating that the increase in 502 
nitrate concentration may promote the accumulation of Simplicispira as well as Castellaniella. 503 
Likewise, the negative correlations between nitrate and Geothrix, Mycobacterium, Desulfovibrio, 504 
Acidobacteria Gp6, Parachlamydia, and Ferribacterium, which were reflected in the CCA results, 505 
might reveal that the invasion of nitrate-containing groundwater tended to reduce the abundances of 506 
these bacterial groups. The consistent results obtained by the CCA approach and network analysis 507 
were also commonly observed for other environmental parameter–genera associations, including 508 
the negative correlations between pH and Clostridium-sensu-stricto/Clostridium-XIVa, the positive 509 
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correlation between pH and Acidobacteria Gp6, the negative correlations between U(VI) 510 
concentration and Mycobacterium/Sulfuricurvum/Arthrobacter/ Acidobacteria Gp6/Ferribacterium, 511 
the positive correlations between U(VI) concentration and Castellaniella/Rhizomicrobium, and the 512 
negative correlation between Fe concentration and Mycobacterium. 513 
 514 
Genera–genera associations 515 
 516 
In all likelihood, the co-occurrence patterns among the microbial taxa were derived from either taxa 517 
sharing similar ecological niches or a mutualism/commensalism/synergism. On the other hand, the 518 
co-exclusion patterns among different genera might reveal niche preferences for the specific taxa 519 
(non-overlapping niches) or competition (14,57). It should be pointed out that these co-occurrence 520 
or co-exclusion data alone do not allow us to separate these two possibilities, i.e., ecological niches 521 
and interaction relationships among microbial taxa (14). However, this is an example of the 522 
potential that the approach could gain clues regarding elusive but ecologically relevant 523 
microorganisms. In other words, the co-occurrence patterns and the co-exclusion patterns will 524 
improve our understanding of ecological niches occupied by unknown species and help to predict 525 
their biological functions in ecosystems. Some of the co-occurrence patterns reveal or confirm 526 
interesting ecological patterns for taxa that have been reported previously. For instance, Geobacter 527 
co-occurs with Desulfovibrio out of a relation of commensalism, in which Desulfovibrio uses 528 
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ethanol and not acetate in the process of sulfate reduction, and the release of metabolic acetate can 529 
be used later by Geobacter (14).  In addition, the co-occurrence pattern among three major 530 
U(VI)-reducing genera including Ferribacterium, Geothrix and Geobacter might result from their 531 
sharing similar ecological niches, instead of mutualism/commensalism/synergism, since all of them 532 
could reduce Fe (III) and U(VI) and they are competitors from this perspective. Apart from the 533 
above co-occurrence patterns, there were numerous co-occurrence relationships among different 534 
microbial taxa, including some genera not well studied, such as OD1_genera_incertae_seids, 535 
Acidobacteria Gp6, Acidobacteria Gp4, and Subdivision3_genera_incertae_sedis 536 
(Verrucomicrobia). Although the nature of the possible interactions among these populations is 537 
unknown currently, it provides valuable clues that these distinct organisms are closely bound 538 
ecologically.  539 
 540 
Moreover, the highly clustered and modularized structure of the positive network (Figure 5) is 541 
completely different from the unclustered and unmodularized structure of the negative network 542 
(Figure S10). The modularized structure supports the previous argument for small-world properties 543 
in microbial ecological networks, so that each genus is closely linked to all other genera in highly 544 
clustered cliques (15). Module II, Module V, and Module VI formed sub-networks; and these three 545 
modules connected with other modules only via one edge (Figure 5). For instance, Module II 546 
connected with Module I via the edge of Acidobacteria Gp4-Brevundimonas and Module V 547 
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correlated with Module II via the edge of Bacillus-Castellaniella. Similarly, Module II and Module 548 
VI were bridged by the edge of Sphingomonas-Rhizobium. On the other hand, Module I, Module III, 549 
and Module IV were clustered more closely with each other, and more connections among these 550 
three modules were observed compared with other modules. As mentioned earlier, some of the 551 
co-occurrence patterns may represent guilds of microorganisms performing similar or 552 
complementary functions to each other, whereas others may co-occur because of shared and 553 
preferred environmental conditions. In attempting to distinguish these possibilities, it is tempting to 554 
look for positive correlations among the shared co-occurring genera of the co-occurring “hubs” in 555 
these modules. Note that if these co-occurring hubs were truly redundant (that is, ecologically 556 
identical), other taxa should have responded to both similarly, creating many shared neighbors 557 
without positive correlations. For example, the hubs of Module I and Module III, that is, Aquicella 558 
and Legionella, shared 10 co-occurring genera totally (Table S6). Among these 10 co-occurring 559 
genera, no co-occurrence among Ferribacterium, Gemmatimonas, and Sediminibacterium was 560 
observed. This pattern implies that functional redundancy presumably occurs between Aquicella 561 
and Legionella for Ferribacterium, Gemmatimonas, and Sediminibacterium. Nevertheless, it is 562 
unclear to what extent the collective suite of functions of Aquicella and Legionella overlaps (58).  563 
 564 
For the co-exclusion patterns among the microbial taxa (Figure S10), indicator genera at the 565 
reoxidation and bioreduction stages tended to co-exclude more (12.6%) than would be expected by 566 
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chance (2.4%). Additionally, U(VI)-reducing genera and indicator genera at the reoxidation stage 567 
also showed higher incidences of co-exclusion than would be expected by random association (2.8% 568 
at random vs. 5.1% observed). This might reveal the niche preference for these specific taxa 569 
(non-overlapping niches). Considering the end of the bioreduction injections of ethanol and the 570 
long-term invasion of groundwater with high concentration of nitrate and low pH, the geochemistry 571 
conditions varied greatly; thus different niches were created before and after the groundwater 572 
intrusion. 573 
 574 
In summary, there was no significant difference in α-diversity before and after the long-term 575 
invasion of groundwater for the bioactive wells, suggesting that α-diversity is not a proper 576 
parameter to evaluate the impact of invasion of groundwater with low pH and high concentration of 577 
contaminates especially nitrate. On the other hand, both NMDS and ANOSIM confirmed a 578 
significant distinction in the overall composition of the bacterial communities between the 579 
bioreduced and the reoxidized sediments. The top 20 major genera accounted for >70% of the 580 
cumulative contribution to the dissimilarity in the bacterial communities before and after the 581 
groundwater invasion. Castellaniella had the largest dissimilarity contribution (17.7%). Among the 582 
ten known U(VI)-reducing genera, eight genera (excluding Acidovorax and Ferribacterium) were 583 
common genera with occupancies >80% of all samples and average abundances >0.1%. For the 584 
bioactive wells, the abundance of the U(VI)-reducing genera Geothrix, Desulfovibrio, 585 
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Ferribacterium, and Geobacter decreased significantly. However, the U(VI)-reducing genera 586 
Desulfosporosinus and Anaeromyxobacter still remained abundant even after groundwater invasion, 587 
averaging 3.15%–11.7% and 0.57%–0.78%, respectively. Seven genera, i.e., Castellaniella, 588 
Ignavibacterium, Simplicispira, Acidobacteria Gp23, Acidobacteria Gp1, Rhizomicrobium and 589 
Acidobacteria Gp14 were significant indicators which could represent specific environments of 590 
bioactive wells under reoxidation stage. Nitrate concentration and pH affected mostly the 591 
U(VI)-reducing genera and indicator genera. Co-occurrence patterns among microbial taxa 592 
suggested the presence of taxa sharing similar ecological niches or 593 
mutualism/commensalism/synergism interactions. Some of the co-occurrence results revealing or 594 
confirming interesting ecological patterns for taxa have been reported previously. For the possible 595 
interactions among some populations which are unclear currently, network analysis could provide 596 
valuable clues that these distinct microorganisms are closely bound ecologically. Additionally, 597 
deciphering co-occurrence and co-exclusion patterns among microbial taxa and environmental 598 
parameters could help predict potential biotic interactions (cooperation/competition), shared 599 
physiologies, habitat affinities, or their biological functions in uranium-contaminated ecosystems. 600 
The above findings offer new insights into compositions of and associations among bacterial 601 
communities and serve as a foundation for future bioreduction implementation and monitoring 602 
efforts applied to uranium-contaminated sites. 603 
 604 
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Figure Legends 799 
 800 
Figure 1. NMDS plot showing the microbial community differences (at genus level) for all the 801 
selected wells before and after the long-term invasion of groundwater. Samples marked in black and 802 
in blue represent samples collected from the bioreduction and reoxidation stages, respectively. Solid 803 
circles represent inactive wells and empty circles represent active wells classified according to the 804 
bromide recovery ratios during the bioreduction stage. 805 
 806 
Figure 2. (a) Abundance of different phyla in all the sediment samples during the bioreduction and 807 
reoxidation stages. Samples collected from the bioactive wells of FW101-2, FW101-3, FW102-2, 808 
FW102-3, FW104, and FW026 during the bioreduction and reoxidation stages are boxed with blue 809 
and green rectangles, respectively. (b) Firmicutes composition in sample of FW101-2-O. The 810 
numbers after the taxonomic ranks are the abundance ratios of the corresponding taxon in phylum 811 
of Firmicutes and sample of FW101-2-O, respectively. 812 
 813 
Figure 3. Abundance of the 77 major (>0.5% in at least one sample) genera in the 30 sediment 814 
samples before and after the long-term groundwater invasion. Major genera with occupancies 815 
of >80% and average abundance of >0.1% were defined as common genera and are in bold font. 816 
The genera marked with blue triangles are U(VI)-reducing bacteria. 817 
44 
 
 818 
Figure 4. A canonical correspondence analysis plot reveals the relationships between the target 819 
microbial genera and the geochemical parameters. Three U(VI)-reducing genera, Geobacter, 820 
Desulfovibrio, and Ferribacterium (in bold font), are also indicator genera at the bioreduction stage. 821 
 822 
Figure 5. The network analysis revealing the co-occurrence patterns among microbial taxa and 823 
environmental parameters. (a) The nodes are colored according to modularity class. (b) The nodes 824 
are colored according to functional taxa and environmental parameters. A connection represents a 825 
strongly (Spearman’s correlation coefficient ρ >0.6) and significantly positive correlation (P-value 826 
<0.01). The size of each node is proportional to the number of connections, i.e., the degree. Three 827 
U(VI)-reducing genera, Geobacter, Desulfovibrio, and Ferribacterium (in bold font), are also 828 
indicator genera at the bioreduction stage. 829 
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Table 1. Geochemical characteristics of groundwater in the subsurface of the test site during the bioreduction stage (October 2005) and the reoxidation stage (October 2012) 
Well Status 
Groundwater Sediment 
pH ORP (mV) 
DO 
(mg/L) 
Sulfate 
(mM) 
Nitrate 
(mM) 
S2- 
(mM) 
NH4+ 
(mM) 
Cl- 
(mM) 
U-VI 
(μM) 
Al 
(mM 
Ca 
(mM) 
Mg 
(mM) 
Fe 
(mM) 
Mn 
(mM) 
U 
(mg/kg) 
Fe 
(g/kg) 
FW024 R, A 5.87 NA 0.06 1.58 0.011 0.005 NA 2.31 0.092 0.013 0.792 0.45 0.003 0.014 0.37 50.80 O 4.81 340 0.33 2.48 166.8 0.00 NA 8.04 12.67 2.77 51.2 11.7 0.057 2.82 0.97 33.35 
FW026 R, A 5.74 NA 0.08 1.20 0.007 0.04 NA 2.36 0.525 0.02 0.64 0.32 0.006 0.071 5.92 47.10 O 6.52 288 3.45 1.07 10.14 0.00 NA 1.59 0.949 0.018 3.12 0.88 0.003 0.29 1.73 28.68 
FW100-1 O 5.76 277 0.37 2.03 238.6 0.00 NA 9.84 5.999 0.31 81.8 16.81 0.095 3.26 0.22 44.90 
FW100-2 R 5.50 NA 0.08 1.54 0.017 0.00 NA 2.38 0.979 0.018 0.776 0.325 0.003 0.046 0.98 55.60 O 3.54 321 0.16 5.83 142.1 0.00 0.421 6.36 90.60 10.53 33.3 10.10 0.054 2.76 1.19 26.65 
FW100-3 R 5.87 NA 0.08 1.45 0.023 0.00 NA 2.27 0.326 0.014 0.775 0.432 0.003 0.026 1.10 32.40 O 4.16 299 0.24 2.76 61.24 0.00 0.232 3.77 20.61 2.04 18.34 5.10 0.033 1.42 1.44 24.22 
FW100-4 R 5.80 NA 0.06 1.44 1.597 0.00 NA 2.26 1.505 0.093 1.60 0.47 0.003 0.082 1.50 36.20 O 4.01 296 0.11 1.23 52.15 0.00 NA 2.55 14.86 3.04 12.12 5.74 0.015 0.72 1.26 30.77 
FW101-1 O 5.36 236 0.36 0.15 396.4 0.00 NA 11.4 1.838 0.019 149.9 34.47 0.164 3.42 0.05 34.40 
FW101-2 R, A 6.23 NA 0.06 1.07 0.000 0.43 <0.01
a
 2.32 0.150 0.00 0.67 0.30 0.034 0.073 1.25 28.59 
O 4.80 213 0.24 3.09 100.2 0.00 0.193 5.56 32.16 2.20 32.3 8.45 0.195 2.52 2.18 28.24 
FW101-3 R, A 6.10 NA 0.05 1.20 0.003 0.36 <0.01
a
 2.31 0.111 0.01 0.62 0.31 0.005 0.063 1.52 25.51 
O 4.41 276 0.18 2.01 57.99 0.00 0.194 3.92 8.790 1.19 18.95 5.41 0.036 1.32 1.07 25.36 
FW101-4 R 5.56 NA 0.05 1.41 0.290 0.00 NA 2.485 0.634 0.103 0.695 0.282 0.005 0.047 0.62 29.40 O 4.39 118 0.25 1.06 44.57 0.00 NA 2.96 2.576 1.91 12.36 5.45 0.015 0.56 0.79 30.43 
FW102-1 R 6.38 NA 0.07 0.29 34.40 0.00 NA 2.65 0.739 0.016 13.15 2.824 0.014 0.56 0.04 42.60 O 5.56 216 0.23 0.17 146.5 0.00 NA 6.14 1.351 0.009 54.9 11.8 0.057 1.40 0.03 31.08 
FW102-2 R, A 6.45 NA 0.06 1.01 0.011 0.16 <0.01
a
 2.32 0.083 0.01 0.80 0.31 0.039 0.077 0.52 29.23 
O 5.55 57 0.14 0.98 57.73 0.00 0.083 3.92 1.475 0.165 21.4 5.18 0.025 1.13 0.15 28.44 
FW102-3 R, A 6.23 NA 0.06 1.10 0.001 0.11 <0.01
a
 3.91 0.061 0.01 0.62 0.31 0.045 0.082 0.88 32.25 
O 4.93 163 0.22 1.49 27.00 0.00 0.157 2.50 7.509 0.30 7.09 2.84 0.049 0.92 1.81 32.89 
FW102-4 R 4.43 -100 0.06 1.23 0.018 0.00 NA 2.44 5.427 0.103 0.285 0.206 0.002 0.036 0.48 36.40 O 4.66 177 0.23 1.38 16.86 0.00 NA 1.85 7.875 0.30 4.09 2.00 0.029 0.66 1.33 32.89 
FW104 R, A 5.75 NA 0.09 1.18 0.000 0.30 NA 2.34 0.569 0.02 0.65 0.32 0.031 0.070 10.30 199.10 O 5.52 145 0.17 4.81 130.8 0.00 NA 7.30 67.01 0.075 50.3 11.37 0.071 2.63 NA NA 
FW 105 R 4.66 200 0.09 1.73 2.108 0.00 NA 2.11 5.239 0.187 1.145 0.345 0.000 0.09 0.98 30.42 O 4.40 304 0.52 2.16 134.6 0.00 0.213 4.83 8.865 1.57 41.7 9.94 0.045 1.54 1.94 20.55 
O: reoxidation stage; R: bioreduction stage; A: previously bioactive site; NA: not analyzed; a: lower than the detection limit; The well system is described in Figure S1. 
Table 2. SIMPER analysis of bacterial community dissimilarity during bioreduction and after groundwater invasion 
 
Taxon Mean abundance % Average dissimilarity Contribution % Cumulative % Bioreduction stage Reoxidation stage 
Castellaniella 0.51 17.8 13.9 17.7 17.7 
Rhodanobacter 8.26 12.6 8.54 10.9 28.7 
Desulfosporosinus 1.61 4.92 4.55 5.81 34.5 
Sulfuricurvum 5.07 0.12 4.17 5.34 39.8 
Clostridium-sensu-stricto 0.77 3.13 2.70 3.45 43.3 
Mycobacterium 3.25 0.12 2.69 3.45 46.7 
Simplicispira 0.51 3.32 2.53 3.23 49.9 
Desulfovibrio 2.71 0.17 2.44 3.12 53.1 
Ignavibacterium 0.004 1.98 1.96 2.51 55.6 
Subdivision3_genera_incertae_sedis 2.30 0.23 1.81 2.32 57.9 
Bradyrhizobium 1.93 0.002 1.69 2.16 60.0 
Gemmatimonas 1.81 0.69 1.41 1.80 61.8 
Gp16 1.41 1.35 1.40 1.79 63.6 
Burkholderia 1.27 0.35 1.24 1.59 65.2 
Gp1 0.84 1.01 1.17 1.50 66.7 
Geothrix 1.38 0.43 1.11 1.43 68.1 
Ferribacterium 1.23 0.05 1.10 1.41 69.5 
Gp6 1.20 0.05 1.00 1.28 70.8 
Gp23 0.001 0.84 0.89 1.14 72.0 
Parachlamydia 1.01 0.07 0.87 1.11 73.1 
 
Table 3. Indicator genera of the bioactive wells during bioreduction and after long-term reoxidation 
 
Cluster in 
Fig. S8 Indicator genera Cluster affiliation Indicator value
 a
 P value b 
Average relative abundance (%) c 
Bioreduction 
stage 
Reoxidation  
stage 
 
Castellaniella 
Reoxidation  
stage 
0.985 0.01 0.08 5.30 
 
Ignavibacterium 0.997 0.01 0.01 2.69 
 
Simplicispira 0.843 0.02 0.48 2.55 
I Gp23 0.833 0.03 0.00 2.09 
 
Gp1 0.944 0.03 0.07 1.17 
 
Rhizomicrobium 0.981 0.01 0.02 0.80 
 
Gp14 0.833 0.03 0.00 0.59 
II 
Desulfovibrio d 
Bioreduction stage 
0.955 0.02 6.10 0.29 
Ferribacterium d 0.961 0.01 2.58 0.10 
Sulfuricurvum 0.973 0.01 1.93 0.05 
Mycobacterium 0.926 0.01 1.55 0.12 
Bradyrhizobium 0.999 0.01 1.49 0.00 
Parachlamydia 0.943 0.01 1.49 0.09 
Pelotomaculum 0.938 0.01 1.49 0.10 
Geobacter d 0.880 0.02 1.22 0.17 
Gp6 0.938 0.01 0.69 0.05 
Arthrobacter 0.919 0.04 0.64 0.06 
Zoogloea 0.969 0.03 0.51 0.02 
a The cutoff of the indicator value is 0.800.   
b
 The cutoff of P value is 0.05 (1000-bootstrap test in indicator genera analysis). Only genera with indicator value >0.800 and P value <0.05 were considered as strong 
indicators.  
c
 The cutoff of the indicator genera relative abundance is 0.5% 
d The indicator genera marked with bold font are U(VI)-reducing genera 
Note: Indicator values range from 0 to 1, with higher values for stronger indicators (Fortunato et al., 2013). Only genera with indicator value >0.800, P value <0.05 and 
average relative abundance >0.5% were considered good indicators. 
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Figures 
 
Figure S1. Scheme of the well system in Area 3, Oak Ridge National Laboratory, 
DOE. Hydrology connectivity is shown with the spatial distributions of bromide 
recovery (as percentage, in color) and mean travel times (contour lines with units of 
hours). 
Figure S2. NMDS plot showing the microbial community differences (at 3% 
cutoff-OTU level) for all the selected wells before and after the long-term invasion of 
groundwater. Pairwise community distances were determined using (a) weighted 
UniFrac algorithm (b) unweighted UniFrac algorithm. Black and blue colors represent 
the samples collected from the bioreduction and reoxidation stages, respectively. 
Solid circles represent inactive wells and empty circles represent active wells 
classified according to the bromide recovery ratios during the bioreduction stage. 
Figure S3. NMDS plot showing the microbial community shift (at genus level) for all 
the selected wells before and after the long-term invasion of groundwater. Black and 
blue colors represent the samples collected from the bioreduction and reoxidation 
stages, respectively. Solid circles represent inactive wells and empty circles represent 
active wells classified according to the bromide recovery ratios during the 
bioreduction stage. The dashed lines with arrows indicate the coordinate position shift 
of each specific sample in the NDMS plot. 
Figure S4. Proteobacteria composition at class level of samples during the 
bioreduction and reoxidation stages. 
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Figure S5. Firmicutes composition in sample of 101-2-R. The numbers after the 
taxonomic ranks are the abundance ratios of the corresponding taxons in the phylum 
of Firmicutes and sample of 101-2-R, respectively. 
Figure S6. Acidobacteria composition in sample of 104-O. The numbers after the 
taxonomic ranks are the abundance ratios of the corresponding taxons in the phylum 
of Acidobacteria and sample of 104-O, respectively. 
Figure S7. Acidobacteria composition in sample of 104-R. The numbers after the 
taxonomic ranks are the abundance ratios of the corresponding taxons in the phylum 
of Acidobacteria and 104-R, respectively. 
Figure S8. Cluster analysis (CA) of bacterial profiles in active wells before and after 
the long-term invasion of groundwater. CA was conducted based on the Bray-Curtis 
distance calculated from the matrix of genus relative abundance using PAST software. 
Unweighted pair group mean average (UPGMA) was selected as the algorithm for 
CA. 
Figure S9. Average relative abundance (y-axis) and occupancy (x-axis) of indicator 
genera at (a) bioreduction stage and (b) reoxidization stage. The genera located in the 
shaded area (gray color) belong to persistent genera with occupancies ≥80% (24 
samples). The genera located in the shaded area (yellow color) belong to specialist 
genera with low occupancies ≤45% (13 samples).The genera marked with bold font 
are U(VI)-reducing genera. 
Figure S10. The network analysis revealing the co-exclusion patterns among 
microbial taxa and environmental parameters. The nodes were colored according to 
functional taxa and environmental parameters. A connection represents a strongly 
(Spearman’s correlation coefficient ρ<-0.6) and significantly (P-value <0.01) negative 
correlation. The size of each node is proportional to the number of connections, i.e., 
the degree. Three U(VI)-reducing genera, Geobacter, Desulfovibrio, and 
Ferribacterium (marked with bold font), are also indicator genera at the bioreduction 
stage. 
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S1 Network analysis 
 
To visualize the correlations in the network interface, we constructed a correlation 
matrix by calculating all possible pairwise Spearman’s rank correlations among the 63 
genera (average abundance >0.1%) that occurred in at least 5 samples from the 
bioreduction stage and 6 samples from the reoxidation stage simultaneously, and 5 
environmental variables (Steele et al., 2011). This preliminary filtering step removed 
the poorly represented genera that occurred in a limited number of samples and thus 
reduced the artificial association bias. A correlation between two items was 
considered statistically robust if the Spearman’s correlation coefficient (ρ) was > 0.6 
or ρ < -0.6 and the P-value was < 0.01 (Junker and Schreiber, 2008). To reduce the 
chances of obtaining false-positive results, the P-values were adjusted with a multiple 
testing correction using the Benjamini–Hochberg method (Benjamini and Hochberg 
1995). The robust pairwise correlations of the genera and environmental parameters 
formed their co-occurrence networks. 
 
S2 Bacterial community composition 
 
As shown in Figure S4, Proteobacteria compositions at the class level of the samples 
during the bioreduction and reoxidation stages were further investigated to compare 
their abundance difference after the long-term groundwater invasion. For the bioactive 
wells, the subdivision of Alpha-, Beta-, Gamma-, and Delta-Proteobacteria was the 
dominant class at the bioreduction stage; while Alpha-, Beta-, and 
Gamma-Proteobacteria were the major class within Proteobacteria at the reoxidation 
stage. Epsilonproteobacteria occurred only at very low levels (0.01%~1.69%) in most 
bioactive wells, apart from FW026-R (7.19%). Additionally, the abundance of 
Gamma-Proteobacteria increased while Delta-Proteobacteria decreased significantly 
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after the long-term groundwater invasion (Table S2, P-value < 0.05). 
 
At the class and order levels, the major composition of Firmicutes was unique in 
101-2-O and 101-2-R; it consisted mainly of the Clostridia class and the Clostridiales 
order, which accounted for more than 90% of the total Firmicutes community. 
Nevertheless, at the family level, signs appeared of a divergence of the Firmicutes 
composition between 101-2-O and 101-2-R. Peptococcaceae 1 and Clostridiaceae 1 
were the dominant families and contributed 65.9% and 26.9% of Firmicutes in 
101-2-O, whereas Peptococcaceae 1 and Peptococcaceae 2 were the dominant 
families and accounted for 54.6% and 31.2% of Firmicutes in 101-2-R, respectively. 
At the genus level, 101-2-R and 101-2-O shared Desulfosporosinus as the most 
abundant genus that could be classified. After Desulfosporosinus, Clostridium sensu 
stricto was the next most dominant composition for Firmicutes in 101-2-O. 
 
Similar phenomenon was also found for Acidobacteria in the sample of 104-O and 
104-R. That is, both the abundance and the composition of Acidobacteria altered 
greatly after the long-term groundwater invasion (Figure S6 and Figure S7). 
Acidobacteria was the predominant phylum, accounting for as much as 60.2% of the 
bacteria in 104-O; it was much less abundant in the counterpart 104-R (20.0%). At the 
class level, Holophagae and Acidobacteria_Gp16 were dominant and accounted for 
88.8% and 9.82%, respectively, of the Acidobacteria in 104-R. Holophagae and 
Acidobacteria_Gp23 were abundant and accounted for 78.2% and 16.4%, respectively, 
of the Acidobacteria in 104-O. The composition ratio of Holophagae remained 
relatively constant during the bioreduction and reoxidation stages in FW104. At the 
genus level, Gp16 and Gp23 were the most abundant genera that could be classified 
and accounted for 9.82% and 16.4% of the Acidobacteria in 104-R and 104-O, 
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respectively. 
 
S3 U(VI)-reducing genera 
 
Geobacter, the important Fe(III)- and U(VI)-reducing genus whose growth was 
promoted significantly via acetate or ethanol bioremediation in field experiments, was 
found at uranium-contaminated sites located in both Rifle, Colorado, and Oak Ridge, 
Tennessee, USA (Mouser et al., 2009, Van Nostrand et al., 2011, Wu et al., 2010, 
Zhuang et al., 2011). This dissimilatory metal-reducing bacteria could limit uranium 
toxicity by reducing soluble U(VI) to insoluble U(IV). It has been reported that the 
conductive pili of Geobacter function as sites of U(VI) reduction and prevent its 
accumulation in the periplasm (Cologgi et al., 2011). Previous study also found the 
similar variation pattern of Geobacter, that is, the abundance of Geobacter decreased 
drastically after the inner loop exposed to the source zone groundwater containing 
high concentration of nitrate for about 3 months (Wu et al., 2010).  
 
Anaeromyxobacter，the U(VI) reducer found in both sediments and groundwater at the 
ORFRC  (Cardenas et al., 2010, Thomas et al., 2009, Van Nostrand et al., 2011), can 
also use several other electron acceptors, including nitrate, Fe(III), and chlorinated 
hydrocarbons (He and Sanford 2003, Rooney-Varga et al., 1999). It was reported that 
microorganisms with the ability to use multiple FRC contaminants as electron donors 
or acceptors were able to outcompete other microorganisms in the acidic subsurface 
(North et al., 2004). Acidovorax, the denitrifying bacteria, could reduce U(VI) to 
U(IV) using acetate, ethanol, and aromatic compounds as electron donors in the 
uranium-contaminated subsurface. Nitrate has been shown to be able to reoxidize and 
remobilize Fe(III) (Senko et al., 2002), and the presence of this denitrifier could 
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contribute to the removal of the competing electron acceptors and guarantee the 
stability of the reduced uranium (Cardenas et al., 2008). That might be the key reason 
for the increase of relative abundance of Acidovorax (P-value<0.05) after the 
long-term groundwater invasion containing high concentration of nitrate.  
 
Sulfate-reducing bacteria (SRB) played key roles in both direct (enzymatic) and 
indirect (abiotic) U(VI) reduction (Van Nostrand et al., 2011). It was reported that 
sulfate in the treated area supported the growth of U(VI)-reducing SRB and facilitated 
U(VI) reduction (Xu et al., 2010). The main SRB identified to date at the ORFRC site 
and Rifle-FRC site were Desulfovibrio and Desulfosporosinus (Cardenas et al., 2010, 
Van Nostrand et al., 2009, Van Nostrand et al., 2011, Xu et al., 2010). Desulfovibrio 
might be a primary microorganism reducing U(VI) and a nearly ubiquitous SRB 
capable of bio-transforming U(VI) to U(IV) in bicarbonate buffers (Nyman et al., 
2006). Compared with Desulfovibrio, Desulfosporosinus were considered to play a 
minor role in U(VI) reduction but a bigger role in the long-term stability of the 
reduced uranium, as they can form spores and survive under starvation conditions 
(Cardenas et al., 2008). Similar to Geobacter, Desulfosporosinus could also reduce As 
(V) apart from U(VI) reduction (Giloteaux et al., 2013). In addition, some 
Desulfosporosinus spp. were able to tolerate the high-salinity pressure in subsurface 
sediments stimulated for U(VI) reduction (Nevin et al., 2003).  
 
Ferribacterium, one representative Fe(III)-reducing bacterium was associated with 
U(VI) reduction mainly because of its indirect (abiotic) U(VI) reduction (Cardenas et 
al., 2010). Clostridium are ubiquitous in soils, sediments, and wastes and could be 
very useful in the pretreatment and stabilization of uranium in radioactive wastes or at 
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the corresponding contaminant sites (Francis et al., 1994, Madden et al., 2007, Suzuki 
et al., 2003). 
 
S4 Co-occurrence and co-exclusion patterns among microbial taxa and 
environmental parameters  
 
Figure 5 consists of 58 nodes (53 microbial taxa and 5 environmental parameters) and 
150 edges. Some topological properties widely used in network analysis were 
calculated to describe the complex pattern of interrelationships among microbial taxa 
and environmental variables. The average degree or node connectivity was 5.172. The 
average network distance between all pairs of nodes, i.e., average path length, was 
5.04 edges with a network diameter of 12 edges. The clustering coefficient (that is, 
how nodes are embedded in their neighborhood and thus the degree to which they 
tend to cluster together) was 0.509, and the modularity index was 0.478 (values >0.4 
suggest that the network has a modular structure; Newman, 2006). 
 
Figure S10 visualizes the significantly negative correlations (79 edges) among 34 
bacterial genera and 5 environmental parameters. Some topological properties 
commonly used in network analysis were summarized as follows. The average degree 
was 4.051 and average network distance between all pairs of nodes was 2.868 edges 
with a network diameter of 7 edges. By contrast, the negative correlations, which 
reflect genus–genus or genus–environmental variable exclusion patterns, tend to be 
unclustered (an average clustering coefficient of 0) and unmodularized (modularity: 
−0.044), compared with the highly clustered, more modularized (modularity: 0.586) 
positive correlations (Figure 5), revealing distinct characteristics of positive and 
negative interactions among microbial genera and environmental variables.  
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Table S1. Diversity comparison before and after long-term groundwater invasion 
 
Sample 
Reads Richness 
c
 Evenness
 c
 Diversity
 c
 
Raw reads 
a 
Effective 
reads after 
normalization 
OTUs chao1 ACE 
Buzas and Gibson's 
evenness 
Shannon 
Inner 
loop-Reoxidized 
104-O 31939 5364 433 735 781 0.27 4.78 
101-1-O 11698 5364 408 797 818 0.41 5.12 
101-2-O 21915 5364 418 739 777 0.55 5.43 
101-3-O 12538 5364 526 1004 1006 1.17 6.42 
101-4-O 21680 5364 432 770 824 0.42 5.21 
102-1-O 12398 5364 998 2004 2137 2.09 7.54 
102-2-O 6625 5364 848 1497 1618 1.23 6.95 
102-3-O 23050 5364 921 1840 2023 2.03 7.53 
102-4-O 27989 5364 955 2029 2048 2.03 7.57 
026-O 19956 5364 454 853 820 0.64 5.67 
Inner 
loop-Bioreduced 
104-R 6671 5364 515 1039 1121 0.77 5.98 
101-2-R 6769 5364 481 905 965 0.94 6.11 
101-3-R 6458 5364 599 1274 1296 1.39 6.73 
101-4-R 5450 5364 971 1997 2034 2.19 7.66 
102-1-R 8566 5364 1091 2720 2722 1.83 7.60 
102-2-R 8883 5364 982 1978 1975 2.96 7.98 
102-3-R 5954 5364 533 952 1031 1.12 6.39 
102-4-R 7118 5364 638 1303 1407 0.88 6.34 
026-R 6188 5364 526 876 918 0.81 6.06 
  
      
Outer 
loop-Reoxidized 
024-O 13832 5364 507 831 878 1.64 6.73 
100-1-O 16234 5364 238 549 645 0.06 2.64 
100-2-O 5799 5364 273 422 442 0.24 4.18 
100-3-O 11011 5364 442 741 744 0.38 5.14 
100-4-O 17528 5364 285 720 645 0.13 3.58 
Outer 
loop-Bioreduced 
100-2-R
b
 2050 — — — — — — 
100-3-R 5564 5364 713 1390 1421 1.46 6.95 
100-4-R 5451 5364 1169 2263 2467 2.32 7.90 
024-R 8121 5364 378 645 655 0.26 4.60 
  
      
Downgradient 
well-Reoxidized 
105-O 14282 5364 625 1423 1666 0.22 4.93 
Downgradient 
well-Bioreduced 
105-R 6889 5364 585 1187 1139 0.71 6.03 
a
As the number of sequences from 101-4-R is the smallest among the 29 samples (except for  
100-2-R), to guarantee the same sequencing depth after denoise and chimera removal, 5,364 
sequences randomly subsampled from each other sample were used to conduct the α-diversity 
analysis. 
 
b 
Since the number of effective reads after denoise and chimera removal for sample of 100-2-R is 1970, 
much less than 5,364, 100-2-R was excluded during the calculation of richness, evenness and 
diversity. 
 
c 
The species richness, evenness, and diversity index were calculated with a 3% distance cutoff.  
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Table S2. Abundance shift of subdivision of Proteobacteria after long-term groundwater invasion 
 
Subdivision of 
Proteobacteria 
Abundance at bioreduction stage (%) Abundance at reoxidation stage (%) 
P-values 
a
 
101-2-R 101-3-R 102-2-R 102-3-R 104-R 026-R Average 101-2-O 101-3-O 102-2-O 102-3-O 104-O 026-O Average 
Alpha- 3.37 6.35 8.64 5.46 7.08 2.99 5.65 6.02 3.19 11.9 13.7 6.09 4.38 7.54 0.145 
Beta- 4.08 13.8 12.0 11.0 16.1 8.66 10.9 22.9 20.5 32.3 15.9 7.15 17.2 19.3 0.056 
Gamma- 4.90 5.28 7.06 15.1 4.24 2.88 6.57 7.59 13.7 14.8 18.0 5.30 8.42 11.3 0.006 
Delta- 12.4 7.70 8.45 13.1 5.53 3.72 8.49 2.28 2.95 0.94 4.26 1.70 5.14 2.88 0.011 
Epsilon- 0.65 1.78 0.28 0.18 1.69 7.19 1.96 0.01 0.03 0.21 0.04 0.01 0.03 0.05 0.071 
 
a
 P-value refers to the one-tailed probability value of the paired t-test that was conducted to compare differentials in the abundance of Proteobacteria subdivision before and 
after long-term groundwater invasion. 
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Table S3. Abundance shift of U(VI)-reducing genera between active wells and inactive wells 
 
 
U(VI)-reducing genera 
Bio-reduced stage Re-oxidized stage 
Average abundance at 
active wells (%, n=6) 
Average abundance at 
inactive wells (%,n=8) 
P-values 
a
 
Average abundance at 
active wells (%, n=6) 
Average abundance at 
inactive wells (%, 
n=10) 
P-values 
a
 
Geothrix 2.24 0.74 0.020 0.69 0.27 0.19 
Desulfosporosinus 3.15 0.44 0.044 11.7 0.85 0.035 
Acidovorax 0.008 0.014 0.48 0.31 0.21 0.56 
Anaeromyxobacter 0.57 0.013 0.00031 0.79 0.17 0.086 
Desulfovibrio 6.10 0.16 0.00045 0.29 0.10 0.14 
Geobacter 1.22 0.19 0.030 0.17 0.05 0.19 
Ferribacterium 2.58  0.22  0.018 0.10  0.02  0.079 
Clostridium-III 0.18  0.13  0.56 0.17  0.19  0.85 
Clostridium-sensu-stricto 0.38  1.07  0.55 3.30  3.03  0.88 
Clostridium-XI 0.18  0.35  0.45 0.12  0.33  0.36 
Clostridium-XlVa 0.02  0.04  0.55 0.11  0.25  0.38 
 
a
 P-value refers to the two-tailed probability value of the t-test that was conducted to compare differentials in the abundance of U(VI)-reducing genera between active wells 
and inactive wells. 
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Table S4. Summary of canonical correspondence analysis results 
 
Axes Axis 1 Axis 2 
Percent variation explained 37.7% 22.5% 
Eigenvalues 0.690 0.412 
pH −0.564 −0.019 
Sulfate 0.222 0.428 
Nitrate 0.681 0.028 
U(VI) 0.345 0.456 
Fe 0.468 0.234 
DO 0.182 0.348 
Cl 0.591 0.116 
Al 0.390 -0.032 
Ca 0.627 0.036 
Mg 0.676 0.033 
Mn 0.734 0.265 
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Table S5. Co-occurring microbial genera of module hub 
Module ID of 
hub 
Module hub Co-occurring microbial genera 
Module ID of co-occurring 
microbial genera 
Category of co-occurring microbial genera 
I Aquicella Gemmatimonas I Others 
  Mycobacterium III Indicator genera at bioreduction stage 
  Subdivision3_genera_incertae_sedis I Others 
  Legionella III Others 
  OD1_genera_incertae_sedis I Others 
  Opitutus I Others 
  Nocardioides I Others 
  Sediminibacterium I Others 
  Sulfuricurvum I Indicator genera at bioreduction stage 
  Arthrobacter III Indicator genera at bioreduction stage 
  Gp6 I Indicator genera at bioreduction stage 
  Phenylobacterium I Others 
  Singulisphaera III Others 
  Desulfobulbus IV Others 
  Ferribacterium III U-reducing genera; indicator genera at bioreduction 
stage 
  Parachlamydia III Indicator genera at bioreduction stage 
II Castellaniella Simplicispira II Indicator genera at reoxidation stage 
 Mesorhizobium II Others 
 Bacillus V Others 
 Polaromonas II Others 
      Thermomonas II Others 
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Table S6. The co-occurring genera shared by hubs of Module I and Module III  
Module ID Hub Co-occurring genera 
Spearman’s correlation 
coefficient ρ 
The co-occurring genera shared by 
Aquicella and Legionella 
I Aquicella 
Gemmatimonas 0.75 
Arthrobacter 
Ferribacterium 
Gemmatimonas 
Gp6 
Mycobacterium 
Parachlamydia 
Phenylobacterium 
Sediminibacterium 
Singulisphaera 
Sulfuricurvum 
Mycobacterium 0.73 
Subdivision3_genera_incertae_sedis 0.75 
Legionella 0.80 
OD1_genera_incertae_sedis 0.65 
Opitutus 0.64 
Nocardioides 0.69 
Sediminibacterium 0.68 
Sulfuricurvum 0.69 
Arthrobacter 0.66 
Gp6 0.83 
Phenylobacterium 0.78 
Singulisphaera 0.72 
Desulfobulbus 0.64 
Ferribacterium 0.62 
Parachlamydia 0.71 
III Legionella 
Gemmatimonas 0.67 
Mycobacterium 0.60 
Aquicella 0.80 
Arthrobacter 0.69 
Ferribacterium 0.65 
Gp6 0.72 
Parachlamydia 0.76 
Phenylobacterium 0.63 
Sediminibacterium 0.64 
Singulisphaera 0.71 
Sulfuricurvum 0.64 
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Table S7. The associations between environmental parameters and genera 
 
Environmental factors Co-excluding genera ρ Co-occurring genera ρ 
Nitrate Geothrix −0.66 Simplicispira 0.71 
 Mycobacterium −0.80 Mesorhizobium 0.61 
 Legionella −0.70 Castellaniella 0.84 
 Sediminibacterium −0.66 Thermomonas 0.62 
 Arthrobacter −0.69 — — 
 Desulfovibrio −0.63 — — 
 Gp6 −0.64 — — 
 Phenylobacterium −0.71 — — 
 Singulisphaera −0.62 — — 
 Aquicella −0.77 — — 
 Parachlamydia −0.74 — — 
 Ferribacterium −0.80 — — 
 Desulfobulbus −0.72 — — 
pH Clostridium-sensu-stricto −0.65 Gemmatimonas 0.62 
 Clostridium-XlVa −0.68 Legionella 0.62 
 Psychrosinus −0.65 Gp6 0.65 
Sulfate Azoarcus −0.72 — — 
Fe Mycobacterium −0.64 — — 
 Sediminibacterium −0.65 — — 
 Singulisphaera −0.63 — — 
U-VI Gemmatimonas −0.68 Castellaniella 0.65 
 Mycobacterium −0.60 Rhizomicrobium 0.73 
 Subdivision3_genera_incertae_sedis −0.65 — — 
 Legionella −0.69 — — 
 Sulfuricurvum −0.65 — — 
 Arthrobacter −0.64 — — 
 Gp6 −0.74 — — 
 Phenylobacterium −0.69 — — 
 Aquicella −0.75 — — 
 Ferribacterium −0.71 — — 
 Desulfobulbus −0.66 — — 
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Figure S1. Scheme of the well system in Area 3, Oak Ridge National Laboratory, DOE. Hydrology 
connectivity is shown with the spatial distributions of bromide recovery (as percentage, in color) and 
mean travel times (contour lines with units of hours).  
(A) Horizontal plane at the 13 m depth below ground;  
(B) Cross-vertical section along injection and extraction wells;  
(C) Cross-vertical section along MLS wells.  
The horizontal distance (m) is measured from outer-loop injection well FW024 eastward (x) or 
northward (y). z is the depth below ground (m). The well system included inner-loop injection well 
FW104 and extraction well FW026 for ethanol injection, outer-loop injection well FW024 and 
extraction well FW103 for hydraulic protection, and downgradient well FW105. The multilevel sample 
wells are FW100, FW101, and FW102; and the -1, -2, -3, and -4 levels were used for monitoring. The 
electron donor (ethanol) was injected into the inner loop at well FW104. 
 
Note: Figure S1 (A), (B) and (C) were extracted from our previous study (Cardenas et al., 2010). All 
the rights related to Figure S1 (A), (B) and (C) are reserved by American Society for Microbiology. 
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Figure S2. NMDS plot showing the microbial community differences (at 3% cutoff-OTU level) for all 
the selected wells before and after the long-term invasion of groundwater. Pairwise community 
distances were determined using (a) weighted UniFrac algorithm (b) unweighted UniFrac algorithm. 
Black and blue colors represent the samples collected from the bioreduction and reoxidation stages, 
respectively. Solid circles represent inactive wells and empty circles represent active wells classified 
according to the bromide recovery ratios during the bioreduction stage. 
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Figure S3. NMDS plot showing the microbial community shift (at genus level) for all the selected wells 
before and after the long-term invasion of groundwater. Black and blue colors represent the samples 
collected from the bioreduction and reoxidation stages, respectively. Solid circles represent inactive 
wells and empty circles represent active wells classified according to the bromide recovery ratios 
during the bioreduction stage. The dashed lines with arrows indicate the coordinate position shift of 
each specific sample in the NDMS plot. 
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Figure S4. Proteobacteria composition at class level of samples during the bioreduction and 
reoxidation stages. 
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Figure S5. Firmicutes composition in sample of 101-2-R. The numbers after the taxonomic ranks are 
the abundance ratios of the corresponding taxons in the phylum of Firmicutes and sample of 101-2-R, 
respectively. 
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Figure S6. Acidobacteria composition in sample of 104-O. The numbers after the taxonomic ranks are 
the abundance ratios of the corresponding taxons in the phylum of Acidobacteria and sample of 104-O, 
respectively. 
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Figure S7. Acidobacteria composition in sample of 104-R. The numbers after the taxonomic ranks are 
the abundance ratios of the corresponding taxons in the phylum of Acidobacteria and 104-R, 
respectively. 
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Figure S8. Cluster analysis (CA) of bacterial profiles in active wells before and after the long-term 
invasion of groundwater. CA was conducted based on the Bray-Curtis distance calculated from the 
matrix of genus relative abundance using PAST software. Unweighted pair group mean average 
(UPGMA) was selected as the algorithm for CA. 
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Figure S9. Average relative abundance (y-axis) and occupancy (x-axis) of indicator genera at (a) 
bioreduction stage and (b) reoxidization stage. The genera located in the shaded area (gray color) 
belong to persistent genera with occupancies ≥80% (24 samples). The genera located in the shaded 
area (yellow color) belong to specialist genera with low occupancies ≤45% (13 samples).The genera 
marked with bold font are U(VI)-reducing genera. 
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Figure S10. The network analysis revealing the co-exclusion patterns among microbial taxa and 
environmental parameters. The nodes were colored according to functional taxa and environmental 
parameters. A connection represents a strongly (Spearman’s correlation coefficient ρ<-0.6) and 
significantly (P-value <0.01) negative correlation. The size of each node is proportional to the number 
of connections, i.e., the degree. Three U(VI)-reducing genera, Geobacter, Desulfovibrio, and 
Ferribacterium (marked with bold font), are also indicator genera at the bioreduction stage. 
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